Asthma is a chronic inflammatory disease, and its prevalence is relatively high among children. Optimal management of asthma often requires longterm pharmacotherapy; however, the effects of these medications on orthodontic treatment is uncertain. We evaluated the effects of the leukotriene LTD 4 receptor antagonist montelukast on orthodontic tooth movement in an animal model. Eight mongrel dogs were given montelukast for periods up to 4 weeks. An orthodontic force of 150-200 g was applied to move the second and fourth premolars toward the site of the extracted third premolar. The distance between premolars was measured at baseline and at weeks 1, 2, and 4. Histological examination with hematoxylineosin staining was used to evaluate osteoclast activity. A slight delay in orthodontic movement and decreased osteoclast activity were observed in the montelukasttreated group, as compared with untreated controls. However, the differences were not statistically significant (P > 0.05). Our findings suggest that montelukast use will not interfere with orthodontic treatment of asthma patients. However, these findings require confirmation in clinical studies.
Introduction
Asthma is a chronic episodic disease in which acute exacerbations are interspersed with asymptomatic periods. It affects about 4 to 10% of the population, and its burden has increased substantially during the last 20 years, particularly in industrialized countries (1, 2) . Laboratory analysis of bronchoalveolar lavage fluid from asthmatic patients shows inflammatory reactions characterized by increased numbers of mast cells, epithelial cells, eosinophils, lymphocytes, and inflammatory mediators. Once released, such mediators produce immediate and intense inflammatory reactions (3, 4) . Asthma pharmacotherapy includes drugs that might affect orthodontic tooth movement (5, 6) .
Inflammation may be an important factor in initiating bone remodeling during orthodontic tooth movement (5, 6) . Removal of necrotic tissue and bone resorption in orthodontic tooth movement require recruitment of phagocytic cells such as macrophages, foreign body giant cells, and osteoclasts, to remove necrotic tissues from compressed periodontal ligament sites and adjacent alveolar bone (5) . Moreover, osteoclast activity is believed to be a good indicator of orthodontic movement (7) .
Leukotrienes (LTs) are potent mediators of inflammation, and excessive production of LTs is associated with asthma pathogenesis (8, 9) . The cysteinyl leukotrienes (CysLTs) are proinflammatory mediators and include LTC 4 , LTD 4 , and LTE 4 . CysLT1-R activation contributes to all the symptoms observed in airway allergic diseases (9, 10) . Montelukast, a highly selective antagonist of CysLT receptors, is widely used for treatment of bronchial Journal of Oral Science, Vol. 59, No. 2, [297] [298] [299] [300] [301] [302] 2017 Original Effect of the leukotriene receptor antagonist montelukast on orthodontic tooth movement asthma, primarily as an adjunct to corticosteroids (11, 12) . In this setting, the therapeutic activity of montelukast is achieved through antagonism of CysLT after release of these mediators, mainly from monocytes/macrophages, eosinophils, mast cells, and basophils, as well as by antiinflammatory activity targeting type 2 helper CD4+ T lymphocytes (12) . A study of the effects of leukotriene and montelukast on white blood cells in bone marrow found that leukotriene increased the number of such cells and that the increase was abolished by montelukast use (12) . Because a high number of people with asthma use montelukast-particularly children, who might also need orthodontic treatment-the potential effects of montelukast on orthodontic tooth movement are important. However, the effects of montelukast on orthodontic tooth movement are not well understood.
We hypothesized that montelukast delays orthodontic movement. Therefore, using mongrel dogs as a model, we assessed osteoclast activity to determine the effect of montelukast on orthodontic tooth movement.
Materials and Methods
All experiments were conducted in strict accordance with the recommendations of the National Institutes of Health and the Research, Care, and Use of Laboratory Animals guidelines (13) . This in vivo experimental study was reviewed and approved by the Scientific Review Board of Hama University (Ref: AB 014-11). Eight male mongrel dogs (age, 14 months; mean weight, 23.2 ± 1.4 kg) were obtained from the Veterinary Medicine College of Hama University. The animals were randomly allocated to a control or montelukast-treated group (n = 4 each; Table 1 ). The study was conducted at the animal research laboratory of the Veterinary Medicine College of Hama University, where daily care by a veterinarian was provided for the entire experiment. Animals were exposed to a 12-h/12-h light-dark cycle and fed soft dog food and water to prevent any damage to the experimental orthodontic appliance. Their weight was monitored and maintained throughout the experiment. All experimental procedures were performed under intravenous anesthesia with sodium pentobarbital (25-30 mg/kg of body weight).
In total, 32 orthodontic appliances were used in 32 quadrants of the eight dogs, to move the second and fourth premolars toward the site of the extracted third premolar. The orthodontic appliance was made from bands and cast crowns with soldered metal tubes with hooks. Nickel-titanium closed coil springs were used to move the second premolar toward the site of the extracted third premolar, and a force of 150-200 g was exerted by the closed coil spring (5) . Four appliances were cemented, one to each quadrant of each dog ( Fig. 1 ).
All third premolars of all dogs were extracted during anesthesia with sodium pentobarbital (25 mg/kg). All dogs were monitored daily for 12 weeks, as dog bone requires 4-12 weeks to heal (5) . The second and fourth premolars were then cut with a diamond bur, to prepare a better shape for retention of cast crowns and bands. Impressions were taken with alginate, and a laboratory technician fabricated the cast crowns and bands and soldered the tubes to the center of the clinical crown. A vertical mark (width 0.5 mm) was made on the cast crowns and bands, for use in measuring the distance between teeth. They were then placed on the teeth with nickel-titanium closed coil springs. Each end of the spring was fixed to a hook with a ligature wire. The spring length corresponding to a contractile force of 150-200 g was determined with a caliper and strain gauge, and the spring activation was set to that length. Four appliances were placed in each dog (one for each quadrant). The baseline, T0, distance between the second and fourth premolars was measured with a digital caliper (Harbor Freight Tools, Calabasas, CA, USA) with an accuracy of 0.01 mm.
All dogs were subject to follow-up and daily examination, to determine if the orthodontic appliances were effective. In the experimental group, four dogs were given oral montelukast (Montegulair, 10 mg tablets, ASIA Pharmaceutical Industries, Aleppo, Syria), 2 mg/ kg, with food once a day (14) for a period up to 4 weeks.
The dogs were euthanized by CO 2 inhalation after 1 week (T1), 2 weeks (T2), or 4 weeks (T4) ( Table 1) . One dog in each group was euthanized at T1 and T2, and two dogs in each group were euthanized at T4. The distance between the second and fourth premolars was measured at each of these time points in all animals. The maxilla and mandible were dissected, and the removed blocks included the teeth adjacent to the teeth assessed for orthodontic movement.
Histological evaluation
Two sites (the distal root surface of the second premolar and mesial root surface of the fourth premolar) from each quadrant were examined by histological techniques. A total of 64 specimens were collected (32 from each group). To achieve complete decalcification, each block was fixed in 10% neutral buffered formalin for 24 h and then decalcified with 14% ethylenediaminetetraacetic acid for 21 days. A longitudinal buccal-lingual section was made parallel to the long axis of the tooth, to include the orthodontic pressure site of the tooth root. Specimens were then paraffin-embedded and sectioned for hema-toxylin and eosin staining. A histopathologist blinded to the group assignment performed the histopathological analysis of the region from the alveolar crest to the tooth apex on the side of compression. The following variables were analyzed in order to assess inflammation and osteoclast activity. Inflammation was graded as 1-3 (1: healthy; 2: mild inflammation with mono-and polynuclear cell infiltration of the periodontal ligament; 3: moderate to severe inflammation, with infiltrate progression toward hard tissues, ie, the tooth root and alveolar bone). Vasodilation was defined as abnormality of blood vessels in the periodontal ligament, if the vessels were high-caliber and congested. Vasodilation was graded as 1 or 2 (1: ≥90% of vessels with unremarkable changes; 2: >10% of vessels with remarkable changes). In addition, bone resorption was graded as 1-3 (1: absence of multinucleated cells and erosions; 2: multinucleated, osteoclast-like cells and erosions observed at edge of alveolar bone; and 3: osteoclast-like cells and erosions present between alveolar bone and tooth root).
Osteoclast activity was assessed on the side of pressure by counting osteoclasts under 100× magnification. Large multinucleated cells with eosinophilic cytoplasm were considered osteoclasts when present on the bone surface or in bone-resorptive lacunae (15) . Osteoclast activity was classified as 0: no activity, if no osteoclasts were found, 1: low, if one to five osteoclasts were found, 2: moderate, if six to 10 osteoclasts were found, and 3: high, if more than 10 osteoclasts were found.
Statistical analysis
As described previously, measurement error was evaluated by using the Dahlberg formula, ME = √ ∑d²/2n, where n is the number of paired measurements and d is the deviation between two measurements (16) . Measurements were recorded twice, by two independent examiners, for each of 16 randomly selected distances of tooth movement at each time point (T0, T1, T2, T4). The error of the method for measurement of tooth movement was 0.019 mm. The Statistical Package for Social Sciences software version 17.0 (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses, which included the use of descriptive statistics, frequencies/proportions, and the nonparametric Wilcoxon test and paired t-test. All statistical tests were two-sided, and P values less than 0.05 were considered to indicate statistical significance.
Results
In the evaluation of orthodontic movement, the distance between the second and fourth premolars at T2-T4 was shorter in the experimental group than in the control group, but the differences were not statistically significant ( Table 2) . Table 3 shows the P values for comparisons at all time points (T0, T1, T2, T4). There was no significant difference between the experimental group and control group in mean distances between the second and fourth premolars. These findings suggest that montelukast does not significantly affect the rate of orthodontic tooth movement. Figure 2 shows representative histological sections from the experimental and control groups during the second and fourth weeks of observation. With respect to the effect of montelukast on osteoclast activity, all histological sections from the experimental group showed less osteoclast activity (Fig. 2) , but the differences between groups were not significant. shows a comparison of osteoclast activity between study groups at all time points (T1, T2, T4). Table 5 shows the results for the main histological charcteristics, including inflammatory responses during orthodontic movement, such as vasodilation and degree of inflammation. Inflammatory activity was greater in the control group than in the experimental group (Fig. 2) ; however, the difference was not significant.
Discussion
We investigated the effects of montelukast under conditions close to those of the human oral environment. Specifically, we used a similar orthodontic force, which was generated by the same open coil springs used for our patients, we allotted sufficient time to complete the orthodontic movement cycle, and we administered the same medication, at the same dose, as that given to asthma patients. 
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We observed the characteristic three-phase tooth movement cycle in both groups. Montelukast did not significantly affect orthodontic tooth movement or osteoclast activity and did not yield noteworthy changes in the mean distance between the second and fourth premolars. However, there were nonsignificant differences in the mean distances between premolars, particularly at T4. A slight delay in orthodontic movement, which corresponded with decreased osteoclast activity, was observed in the montelukast intervention group, particularly at T4. This finding might be attributable to the diminishing effect of montelukast on the chemotaxis of lymphocytes and phagocytes and osteoclast differentiation during orthodontic tooth movement. Montelukast has a direct effect on receptor LTD 4 and other inflammatory mediators, like prostaglandins, that influence the chemotaxis of phagocytes and osteoclast differentiation (5, 14) .
Our results are inconsistent with those of some earlier studies of the effect of leukotriene inhibitors and montelukast on orthodontic tooth movement in rats and mice over a period of 12 days (5,6). Mohammed et al found that the leukotriene synthesis inhibitor AA861 significantly inhibited tooth movement in rats (5) . However, rats experience continuous incisor eruption, which could affect orthodontic tooth movement. In addition, rat alveolar bone is occasionally aplastic and, as compared with dogs, may require a shorter period for bone resorption and hyalinization during experimental tooth movement (17) . In addition, AA861 and montelukast have different potencies. Montelukast is a potent, specific antagonist of leukotriene receptors and decreases production of prostaglandin, which accelerates bone resorption (18, 19) . Evidence suggests that AA861 causes intracellular redistribution of calcium and increases plasma membrane permeability to calcium uptake. The lipoxygenase pathway, which is triggered by AA861, also increases calcium uptake by platelets (5) .
However, our results were consistent with the findings of other studies (6) . Using a mouse model, Moura et al. compared the effects of montelukast and the 5-LO inhibitor zileuton on osteoclast activity and orthodontic tooth movement during a 12-day period. Montelukast treatment decreased osteoclast count and orthodontic tooth movement. They concluded that 5-LO-derived metabolites modulate cytokine release and positively affect osteoclast differentiation, thus enhancing bone resorption (6) . Baroukh et al studied the effects of the leukotriene inhibitors phenidone and ketoconazole on osteoclasts. After 4 weeks, the numbers and migratory activity of inflammatory cells, particularly phagocytes and osteoclasts, did not differ in hamsters with periodontitis (20) .
The limitations of our study include its small sample size and lack of data on leukotriene levels as determined by molecular techniques. A larger sample size and longer period of drug administration and follow-up might yield better evidence. Nevertheless, our study showed that use of a unified sample of mongrel dogs is a good model for studying the effects of medications on orthodontic tooth movement.
In conclusion, montelukast might have a small effect on the rate and extent of orthodontic tooth movement. In addition, osteoclast activity and bone resorption are affected by montelukast use. However, the differences observed were nonsignificant. Future studies should use advanced techniques, such as molecular assays, to investigate the long-term effects of montelukast in humans. In addition, patients should be informed that montelukast use might slightly prolong orthodontic treatment.
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